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Abstract 
Jqne{ beeu, Ariu oe＀＀iheta, ate a i＀qba＀＀{ uiinihieant rq＀＀inatqt ureeieu anf ate ewttent＀{ in
fee＀ine, with ＀quueu atttibwtef tq an atta{ qh intetaetini enxitqnoenta＀ utteuuqtu0 Gztteoe＀{
＀qw hteqwene{ e＀eettqoainetie hie＀fu (GNH GMHu) ate a ＀euuet/￿nqwn abiqtie enxitqnoenta＀
haetqt that ate eoittef htqo a xatiet{ qh anthtqrqienie uqwteeu, ine＀wfini rqwet ＀ineu, anf
haxe teeent＀{ been uhqwn tq haxe a uiinihieant ioraet qn the eqinitixe abi＀itieu anf behax/
iqwt qh hqne{ beeu0 Jete we haxe inxeutiiatef the ehheetu qh hie＀f/tea＀iutie ＀exe＀u qh GNH
GMHu qn axetuixe ＀eatnini anf aiiteuuiqn ＀exe＀u, whieh ate etitiea＀ haetqtu hqt beeu tq oain/
tain eq＀qn{ uttenith0 Deeu wete ezrquef hqt 39 h tq 322 μV qt 3222 μV GNH GMHu, qt a
uhao eqnttq＀0 A utini eztenuiqn teurqnue (SGT) auua{ wau eqnfwetef tq fetetoine the
ehheetu qh GNH GMHu qn axetuixe ＀eatnini, whi＀e an inttwfet auua{ wau eqnfwetef tq fetet/
oine the ehheetu qh GNH GMHu qn aiiteuuiqn ＀exe＀u0 Gzrquwte tq bqth 322 μV anf 3222 μV
GNH GMH tefweef axetuixe ＀eatnini rethqtoanee b{ qxet 22'0 Gzrquwte tq 322 μV GNH
GMHu a＀uq ineteauef aiiteuuiqn ueqteu b{ 82', in teurqnue tq inttwfet beeu htqo hqteiin
hixeu0 Vheue teuw＀tu infieate that uhqtt/teto ezrquwte tq GNH GMHu, at ＀exe＀u that eqw＀f
be eneqwntetef in bee hixeu r＀aeef wnfet rqwet ＀ineu, tefweef axetuixe ＀eatnini anf
ineteauef aiiteuuiqn ＀exe＀u0 Vheue behaxiqwta＀ ehanieu eqw＀f haxe wifet eeq＀qiiea＀ ior＀i/
eatiqnu in tetou qh the abi＀it{ qh beeu tq intetaet with, anf teurqnf arrtqrtiate＀{ tq, thteatu
anf neiatixe enxitqnoenta＀ utiow＀i0 
Knttqfwetiqn 
Over the last 30 years there has been a decline in the numbers of the economically and ecolog- 
ically important honey bee [1, 2]. Honey bee declines are part of a much larger global problem 
of pollinator declines [3] with major causes attributed to a combination of interacting, and 
mainly anthropogenically driven, environmental stressors including, habitat loss, pesticide 
exposure, pathogens and parasites [4]. Electromagnetic pollution is emerging as a lesser- 
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known abiotic environmental factor that has the potential to affect insect biology and thus 
may contribute to the environmental stress load that insects currently experience in global eco- 
systems [5, 6]. 
Extremely low frequency electromagnetic fields (ELF EMFs) are a specific type of non-ion- 
ising electromagnetic radiation in the frequency range 3–300 Hz that are emitted from anthro- 
pogenic devices. Pollution of the environment with ELF EMFs has increased dramatically in 
the last century, with a major source for ELF EMFs being power transmission lines [7]. ELF 
EMF exposure has recently been associated with a variety of different effects on insects includ- 
ing changes in developmental biology [8, 9], locomotor behaviour [6, 10], molecular biology 
[11, 12], and immune response [13]. 
Honey bees may be particularly at risk to ELF EMF pollution in the environment. At 
ground level, ELF EMF intensity under power transmission lines can reach 100 μT, while fly- 
ing insects can be exposed to much higher levels close to conductors where ELF EMF levels 
can be over 1,000 μT [5]. Some studies suggest exposure to ELF EMFs from power lines may 
be stressful for honey bees [14, 15] whilst it has also been reported [16] that bees hived under 
power lines will readily abscond. Moreover, Greenberg et al. [17] found that bee hives exposed 
to power lines had increased motor activity, abnormal propolisation, reduced weight gain of 
hives, queen loss, impaired production of queen cells, decreased sealed brood and poor winter 
survival, leading to a federal US precaution to not store hives under power lines [18]. While 
these studies show no direct experimental evidence for ELF EMF effects on bees, they at least 
suggest that ELF EMF exposure may be a factor that contributed to, or caused, the stress 
responses of the bees observed in these studies. 
In their environment bees are exposed to a variety of negative environmental stimuli and 
cues, which are also critical for bees to perceive and respond to, such as weather, toxins [19], 
or biotic threats such as colony diseases and parasites [20, 21], invading robber bees from 
other colonies [20] and predators [21–23]. How colonies respond to these environmental 
stresses is critical to their long-term fitness. Bees must be able to detect these negative stimuli 
[20], learn that they are associated with a negative effect [19], enact an appropriate aggressive 
response [22], and even communicate this information to other individuals [23]. For example, 
guard bees when confronted with a threat (e.g. predator or intruder) may enter the hive to 
release alarm pheromone by extruding their sting, raising their abdomen and fanning their 
wings [24, 25]. 
Surprisingly little is known about aversive learning, and how it is affected by environmental 
stimuli, despite its importance in maintaining colony fitness. A sting extension response (SER) 
assay [26, 27] has been developed to study aversive learning in bees in which a conditioned 
stimulus (CS) (often olfactory) is applied and associated with an unconditioned stimulus (US) 
of a weak electric shock. Over repeated conditioning trials bees learn to associate the negative 
US with the CS. The SER assay can therefore provide valuable information in a controlled 
experimental environment of how potential stressors such as ELF EMFs can affect bees [28]. 
For example, SER has been used to investigate the impacts of the neonicotinoid insecticide 
imidacloprid on honey bee aversive learning [29]. In addition, intruder assays have been used 
to assess aggressive responses of honey bees, including to conspecifics [30–33]. Environmental 
stresses which could affect the ability of bees to learn about negative environmental cues, or 
respond appropriately to environmental cues, could therefore be detrimental to honey bee col- 
ony health. 
Here we have used both the SER and intruder assays to determine whether short term expo- 
sure to ELF EMFs, at levels equivalent to those found at ground level under high-voltage trans- 
mission power lines, can affect aversive learning and aggression in honey bees. We have 
utilised these well-established assays in the laboratory where the levels of EMF exposure of
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Gztteoe＀{ ＀qw hteqwene{ e＀eettqoainetie hie＀fu ineteaue aiiteuuiqn anf tefwee axetuixe ＀eatnini in hqne{ beeu 
knfkxkfwan beeu ean be rteekuen{ eqnttqnnef, anf wnfet eqnukutent eqnfktkqnu htee htqo utta{ 
hkenfu anf qthet eqnhqwnfkni utkownk0
Matetia＀u anf oethqfu 
Magnetic fields 
Gneettqoainetke hkenfu wete ienetatef wkth a ewutqo/oafe Jenohqntz eqkn ]5_ whkeh rtqfweef 
hqoqienqwu 52 Jz uknwuqkfan AE eneettqoainetke hkenfu wkth a tanie qh hkenf uttenith htqo 
-32 μV´32,222 μV0 Hkenf uttenith (oainetke hnwz fenukt{) wau oeauwtef wkth a Mqfen GM2 
Mainetqoetet (Anrhanab Kne0, WSA)0 Hqt eqnttqn ezrquwteu nq ewttent wau rauuef thtqwih the 
eqkn u{uteo0 Hqt SGT ezretkoentu eqnttqn, 322 μV anf 3222 μV 52 Jz GMH tteatoentu wete 
arrnkef, whkne hqt knttwfet auua{ ezretkoentu eqnttqn anf 322 μV GNH GMH tteatoentu wete 
wuef0 
Animals 
Jqne{ beeu wete kert at the Wnkxetukt{ qh Sqwthaortqn Jkihhkenf Eaorwu arkat{ (52® 58' 
32''P, 3® 25' 5;''Y) anf ezretkoentu eqnfwetef htqo Jwne/Awiwut, 22390 Hqtaietu wete kfen/ 
tkhkef b{ the rqnnen kn thekt eqtbkewnae anf ttanurqttef tq an knueetat{ kn the Knutktwte hqt Nkhe 
Sekeneeu at the Wnkxetukt{ qh Sqwthaortqn, whete the{ wete kooqbknkzef qn wet kee anf ttanu/ 
hettef kntq arrtqrtkate eqntaknetu hqt SGT anf Knttwfet Auua{ ezretkoentu0 
Sting extension response assay 
Deeu wete eqnneetef knfkxkfwann{ htqo 5 hkxeu anf hatneuuef kn ewutqo oafe SGT etafneu ewt 
htqo Peturez, wkth a ukoknat feukin tq Vetiqz et an0 ]29_0 Deeu wete rnaeef xenttan ukfe wrwatfu 
kn a oetan hqtk qh the etafne, uweh that the hqtk henf the bee b{ the thqtaz, wkth rtqniu kn rnaee 
atqwnf the retkqne anf neek qh the bee (Hki 3A)0 Vhku hqtk anuq uetxef au an eneettqfe hqt an 
Fig 1. Sting extension response protocol. A) Jatneuukni qh a bee kn an SGT etafne hqt GMH ezrquwte0 Veua© tare wau 
arrnkef atqwnf the thqtaz tq hqnf the bee between the hqtk rtqniu0 D) Axetukxe utkni eztenukqn teurqnue tq the ES kn 
SGT eqnfktkqnkni ttkanu0 Vhe knuet uhqwu the eztenfef utkniet kn oqte fetakn0 E) SGT Vkoetabne uhqwkni a 
terteuentatkqn qh an knfkxkfwan eqnfktkqnkni ttkan0 Vhe bee wau aeenkoatkuef tq the atena hqt 22 u, behqte ES (nknanqqn) 
arrnkeatkqn0 Ahtet 8 u qh ES, ES anf WS (32 V uhqek) wete raktef hqt 2 u, ahtet whkeh bqth ES anf WS wete uwktehef qhh0 
A hwtthet 52 u qh eneat akthnqw wau annqwef hqt qfqwt tq be teoqxef htqo the atena0
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aversive shock stimulus during the SER assay (Fig 1B). Tesa© tape was then placed laterally 
across the cradle and between the prongs of the fork across the thorax to restrain the bee in the 
cradle. Bees were then fed to satiation with a 50% w/v sucrose solution and were then ready for 
overnight treatment (17 h). 
An experimental arena (W × D × H = 60 × 45 × 55 cm) was used with an odour delivery 
system at one end and an extraction fan at the other to remove any odours from the arena. The 
odour delivery system allowed a constant airflow to be supplied to the arena. A clear airflow, 
and the CS, were delivered in separate channels in the multichannel system which joined via 
Teflon tubing before it discharged into the arena at a single release point. Electronic valves 
allowed the airflow to switch between CS and clear airflow channels. The CS used was 8 μl of 
97% linalool (Sigma-Aldrich, UK) which was pipetted onto filter paper to be placed in the CS 
delivery channel. The channel with clear air was always open when no odour was delivered. To 
deliver the CS, airflow was switched from the clear air channel to the odour delivery channel 
such that bees were supplied with a constant airflow, and would associate any stimulus with 
the odour and not a change in airflow. 
For SER experiments bees were exposed to control, 100 μT or 1000 μT EMFs for 17 h and 
following exposure SER trials began immediately. This treatment was chosen to represent a 
field-realistic scenario where bee hives are placed under transmission and where bees have 
been reported to show negative responses [17]. 357 bees completed the SER assay. An SER cra- 
dle containing a harnessed bee was placed into the experimental arena of the odour delivery 
system. Bees were exposed to a clear airflow for 20 s (Fig 1C). During this time the SER cradle 
was attached to a DC power-supply with a 12 V output. The airflow was then switched from 
clean air to linalool airflow, representing the CS. The CS lasted 8 s. For the final 2 s of the CS 
the bee was shocked at 12 V from the DC power supply, representing the unconditioned stim- 
ulus (US) thus pairing US and CS for 2 s. The US and CS finished at the same time (28 s into 
the trial). The clear airflow was then left on for 32 s with the bee in the arena to reinforce the 
association of the CS with the US and to allow the extractor to remove linalool from the arena. 
The length of one complete conditioning trial for a bee was 60 s (Fig 1C). 
Conditioning trials were repeated 5 times for each individual bee with an inter-trial interval 
of 10 min. If a bee did not respond during linalool delivery or electric shock then a ‘failed 
response’ was recorded. Bees that failed to respond more than once in conditioning trials 
(n = 16, 4.5% of 357) were excluded from analyses. No bees exhibited a pre-learned aversive 
response to linalool in the first conditioning trial, and therefore no bees had to be excluded 
from analysis for this reason. After all exclusions were made, 341 bees remained that com- 
pleted the SER assay for inclusion in statistical analyses (S1 Table). 
If a bee responded only after the shock stimulus then a non-conditioned sting extension 
response was recorded (i.e. the bee responded to US but not CS). As in previous aversive learn- 
ing studies responses to the conditioned stimulus have been described only when a bee extends 
its sting during the CS application, and are defined as a ‘sting extension response’ (Fig 1A and 
1B). The proportions of conditioned sting extension responses over 5 trials were analysed to 
assess the effects of short-term ELF EMF exposure on aversive learning in honey bees. 
This aversive learning approach therefore measures acquisition and short-term retention of 
information, and thus has comparability with the results of the intruder assay where bees 
encounter a new individual from a foreign hive. 
Intruder assay 
Bees were collected from 5 different hives in groups of 20 bees from the same hive of origin. 
Each group of 20 was split into 2 paired cohorts of 10 (S2 Table), and stored in separate petri
PLOS ONE | https://doi.org/10.1371/journal.pone.0223614 October 10, 2019 4 / 13 
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Table 1. Aggressive severity behavioural index used in the intruder assay adapted from Richard et al. [31]. 
Behaviour Definition Aggressive Severity 
Index 
Aggressive antennation Antennation directed towards the intruder or touching the 
intruder with antennae 
1 
Stalking Follows and moves towards intruder for more than 5 seconds 1 
Crawl over Moves directly on top of the intruder 1 
Antennation with 
mandibles open 
Antennation directly towards the intruder with mandibles 
open 
2 
Biting Uses mandibles to grasp the intruder 3 
Abdomen flexion The abdomen is flexed but the stinger is not extruded 4 
Stinging attempts The stinger is visibly extruded towards the intruder 5
https://doi.org/10.1371/journal.pone.0223614.t001
dishes fitted with 50% w/v sucrose feeders. For each pair of 10-bee cohorts (from the same 
hive of origin) 1 cohort was exposed to a 100 μT ELF EMF and the other exposed to control 
conditions (both at 22 ± 1˚C) for 17 h overnight. The intruder assay was conducted the next 
day. 
The sample period for the intruder assay began when a forager bee from a 6th (and differ- 
ent) hive was introduced into each petri dish. Focal sampling of the ‘intruder’ bee was con- 
ducted continuously for 10 min to assess the behaviour of recipient bees towards the intruder. 
Behaviours were categorized on an aggressive severity index adapted from Richard et al. [31] 
(Table 1) and the aggressive severity indices summed for a full 10 min sample period to give an 
overall aggression score for that sample. In total 60 intruder assay samples were conducted 
(n = 30 per treatment, with 6 assays/treatment/hive). 
Statistical analysis 
Data were analysed in SPSS (v.24, IBM SPSS Inc.) and Graphpad Prism (v.7, Graph Pad Soft- 
ware Inc.). Where appropriate, homogeneity of variance and normality assumptions were 
tested. For all models assessing the effects of treatments on binomial SER data, binomial error 
structure and logit link function were used, and where appropriate pairwise contrasts with 
Bonferroni adjusted significance were used in post-hoc analyses. 
To determine whether ELF EMF exposure or ‘hive or origin’ affected the initial aversive 
responsiveness of bees a generalized linear model (GLM) with ‘EMF treatment’ and ‘hive of 
origin’ as interacting factors was used. To analyse the effect of ELF EMF exposure on sting 
extension responses, a generalized mixed effect model (GLMM) was used with ‘EMF treat- 
ment’, ‘hive of origin’, and ‘conditioning trial’ as interacting factors. For GLMMs trial 1 was 
not included in analyses (i.e. trials 2–5 were used), as learning cannot occur in the first trial. 
For intruder assay analysis, aggression scores were totalled from each trial and data log10- 
transformed to satisfy normality assumptions for parametric statistical analyses. A two-way 
Repeated Measures ANOVA was conducted to determine the effects of ‘EMF’, and ‘Hive of 
Origin’ on log-transformed aggression score data, with data paired by their collection cohort. 
Data plotted in aggression score graphs is back-transformed.
Results 
Sting extension response 
ELF EMFs do not reduce the ability of bees to respond to aversive stimuli. To deter- 
mine whether short-term exposure to EMF (control, 100 μT, or 1000 μT) affected the ability of 
bees to respond with an aversive extension of the sting, the proportions of bees which did not 





























control 100µT 1000µT 
Treatment 
Extremely low frequency electromagnetic fields increase aggression and reduce aversive learning in honey bees 
Fig 2. Aversive responses of honey bees in the SER assay. The effect of ELF EMF treatment on the proportion of 
aversive responsiveness to 12 V electric shock aversive stimuli. Exact proportions are plotted. Results show that ELF 
EMFs had no effect on the aversive responses of bees to electrical stimulation.
https://doi.org/10.1371/journal.pone.0223614.g002
fail to respond to the US (i.e. non-learned sting extension to an aversive stimulus) between 
each treatment were compared. After 17 h control exposure 95.0% of bees (n = 119) exhibited 
aversive responses (Fig 2), whereas 96.6% (n = 118) responded following exposure to 100 μT 
and 95.0% (n = 120) responded following exposure to 1000 μT EMFs. Thus, the initial aversive 
responsiveness of honey bees was not affected by any interaction between the ELF EMF ‘treat- 
ment’ or the honey bee ‘hive of origin’ (GLM, χ2>0.001, d.f. = 4, P @ 0.99), nor were there 
any main effects of ‘treatment’ (GLM, χ2>0.001, d.f. = 2, P @ 0.99) or ‘hive of origin’ (GLM, 
χ2>0.001, d.f. = 2, P @ 0.99). 
ELF EMFs reduce learning performance of the sting extension response. For control 
bees, and those exposed to 100 μT and 1000 μT ELF EMFs, the proportion of bees exhibiting a 
sting extension response increased with each conditioning trial (GLMM, F3,1352 = 26.08, 
P > 0.0001). For bees maintained under control conditions 29% showed SER after trial 3 while 
50% showed SER after conditioning trial 5 (Fig 3). By contrast, after bees were exposed to 
100 μT ELF EMFs only 12% of bees showed SER after trial 3 and 32% after trial 5. Following 
exposure to 1000 μT ELF EMFs 19% showed an SER after trial 3 and 27% after trial 5. EMF 
treatments were found to significantly reduce the proportions of SER in honey bees (GLMM, 
F2,1352 = 15.01, P > 0.0001). A greater proportion of control exposed bees exhibited SER than 

























0 0: 0.1 
control 
1 2 3 4 5 
Trial 
Extremely low frequency electromagnetic fields increase aggression and reduce aversive learning in honey bees 
Fig 3. Effects of ELF EMFs on aversive learning in honey bees. Effect of short-term ELF EMF exposure on the 
proportion of aversive responses to the conditioned stimulus (linalool) for each of the trials. For each treatment the 
proportion of bees showing a learned response increased. The exact proportion of responses is plotted.
https://doi.org/10.1371/journal.pone.0223614.g003
both 1000 μT (Pairwise comparison, Bonferroni adjusted P > 0.001) and 100 μT (Pairwise 
comparison, Bonferroni adjusted P = 0.001) exposed bees. There was no ‘treatment’ ￿ ‘trial’ 
interaction (GLMM, F1,1352 = 0.82, P = 0.56). 
In this analysis of the effects of ELF EMF exposure on sting extension responses, hive 
of origin was removed as a factor to improve model fit as it was found to have no effect on the 
proportion of SER to the CS (GLMM, F2,1328 = 0.17, P = 0.84), nor any interaction with ‘treat- 
ment’ (GLMM, F4,1328 = 1.38, P = 0.24) ‘conditioning trial’ (GLMM, F6,1328 = 0.24, P = 0.96) or 
three-way interaction (GLMM, F12,1328 = 0.33, P = 0.99). 
Intruder assay 
Bees exposed to 100 μT ELF EMF exhibited greater aggressive behaviour to introduced bees, 
than bees not exposed to ELF EMFs (Fig 4). Bee cohorts which received a control treatment 


























control 100 µ T 
Treatment 
Extremely low frequency electromagnetic fields increase aggression and reduce aversive learning in honey bees 
Fig 4. The effect of ELF EMFs on honey bee aggression levels. Exposure to a 100 μT ELF EMF significantly increased 
the Aggression Score. Mean ± SEM are shown. Statistical analyses were conducted on log-transformed data. Data 
plotted are reverse log-transformed from data used in statistical analysis.
https://doi.org/10.1371/journal.pone.0223614.g004
displayed an aggression score of 12.87 ± 1.69 (mean ± SEM) whereas bee cohorts exposed to 
100 μT EMF exhibited a mean aggression score of 20.70 ± 2.14 (mean ± SEM, Standard Error 
of the Mean). EMF exposure significantly increased the average aggression scores across bees 
from all hives (F1,25 = 11.42, P = 0.0024). There was no impact of Hive (F4,25 = 0.65, P = 0.63) 
or any Hive￿EMF interaction effect (F4,25 = 0.75, P = 0.56) on aggression score. This indicates 
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that short-term ELF EMF exposure, at levels that can be encountered at ground level or in 
proximity to a high voltage transmission power lines, led to an increase in aggressive behaviour 
of bees directed towards conspecifics. 
Discussion 
Short-term exposure to 50 Hz ELF EMFs reduced aversive learning performance and 
increased aggression at levels as low as 100 μT. This directly shows, for the first time, that 
short-term ELF EMF exposure at levels which can be encountered at ground level under high- 
voltage transmission power lines can affect honey bees, in terms of both their conditioning to 
negative stimuli, and the intensity of their aggressive behaviour. 
In locusts ELF EMFs have been shown to affect neural circuits controlling limb movement 
and muscular force [6]. During the stinging response in honey bees the protraction of the tip 
of the abdomen, and the alternate sliding of barbed lancets of the stinging apparatus, are coor- 
dinated by four large abdominal muscles [34–36] whose activity are regulated by neural cir- 
cuits in the terminal abdominal ganglion [22]. Given that a sting extension response was 
evoked by the US in over 95% of trials, it is unlikely that the effects on aversive learning were 
due to the effects of EMF at the neuromuscular level. Similarly, the effects of EMF were not 
due to changes in the sting extension motor pattern as bees could still extend their abdomens 
to electric shocks. Instead ELF-EMF induced reductions in SER performance are solely down 
to a reduced ability to learn the aversive stimuli, and not the motor pattern involved in 
responding to the stimuli. 
The mechanisms underlying the effects of ELF EMFs on honey bee aversive learning and 
aggression may be diverse. While the neural pathways underlying appetitive learning in the 
honey bee brain are well characterised [37, 38], less is known of the neural architecture under- 
lying aversive learning. The biogenic amines dopamine and octopamine have critical roles in 
associative learning in honey bees [39]. Vergoz et al. [27] for example, found that aversive 
learning is impaired after the injection of dopaminergic antagonists, and Jarriault et al. [40] 
found that dopamine was released in mushroom bodies in the honey bee brain after electric 
shock stimulation of the abdomen. These findings suggest that dopamine may have a key role 
in memory formation in honey bee aversive learning. Furthermore, the honey bee alarm pher- 
omone has been shown to increase levels of the biogenic amines serotonin and dopamine, 
with increases in these amine levels being associated with increased likelihood of a bee to sting 
[41]. Some studies investigating the effects of EMF on invertebrates have suggested that 
increased biogenic amine levels lead to increases in behavioural activity [42, 43]. While no 
studies have yet analysed changes in dopamine levels following ELF EMF exposure, these pre- 
vious studies suggest that biogenic amine levels may be a potential area to investigate to eluci- 
date the underlying mechanisms of ELF EMF induced changes in insect behaviour. Moreover, 
ELF EMFs have been shown to have effects on neuronal signalling in insects [6], and therefore 
there is the potential for ELF EMF induced effects on dopaminergic neurons or other neural 
circuits which are involved in aversive learning pathways. ELF EMF induced changes in behav- 
iour could also be underpinned by molecular changes such as gene expression. For example 
short-term ELF EMF exposure has been shown to increase heat-shock protein expression in 
locusts [6] and Drosophila [12]. 
The ecological implications of these effects are diverse. On the one hand the reduced ability 
to learn new negative stimuli could lead to an increased latency of honey bee colonies to 
respond to novel threats. Maliszewska et al. [10] found that short-term exposure of American 
cockroaches to 7,000 μT ELF EMFs increased the latency of responses to a negative heat stimu- 
lus. The increase in latency could clearly be detrimental to individuals in the ability to avoid
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harmful environmental stimuli. On the other hand, we found that bees exposed to ELF EMFs 
showed increased aggression levels. Rittschof et al. [33] found that increased levels of aggres- 
sion in honey bees are associated with greater resilience to environmental stresses and to 
immune challenge. However, direct short-term ELF EMF exposure at 2,000 μT in Lepidop- 
teran larvae has been associated with changes in immune response parameters such as 
increased apoptotic-like hemocytes, reduced hemolyph total protein and reduced hemocyte 
cell count, which could suggest short-term ELF EMF exposures might lead to reduced resil- 
ience to immune challenge [13]. It is not known if ELF EMFs affect immune response in 
honey bees at field-realistic ELF EMF intensities, lower than those that have been studied with 
Lepidoptera, and thus it is not known if ELF EMF exposure would confer greater resilience to 
immune challenge alongside increased aggression levels in bees. In addition, in the environ- 
ment if a bee perceives a negative stimulus a sting response often results in sting autonomy, 
with a rupture of the abdomen that causes the eventual death of the bee [44, 45]. Less aggres- 
sive responses to negative stimuli such as aggressive buzzing and flight bombardment can be 
successful methods of warding off threats in a manner that is less detrimental to a colony in 
terms of bee loss [25, 45]. The effects of environmental stressors and the consequences of 
increased aggression on this aversive decision making processes (other than increased sting 
autonomy) are not-known. 
While it is unclear what the ecological consequences of increased aggression may be for 
bees exposed to ELF EMFs, the implications of reduced aversive learning performance are 
more distinct. It is imperative that honeybees are able to perceive, learn, and avoid threats in 
the environment [28, 39]. Reductions in the ability to learn about negative stimuli could have 
implications for the abilities of bees to deal with predatory/invader threats [20, 22], detecting/ 
avoiding deleterious stimuli [19] and responding to negative stimuli that require action e.g. 
attacking/removing diseased individuals from the hive [20], all of which could have detrimen- 
tal effects on bee colonies. Although it is not yet known how bees will actually respond in the 
field, it is clear that the reduction in aversive learning seen here with short-term 100 μT expo- 
sures could be detrimental to honeybees on an ecological level. A number of studies have 
described bee colonies failing that are hived under high-voltage transmission power lines, 
where EMF levels can reach 100 μT [14–17]. There is the possibility that with hives located 
under power lines, the long-term chronic exposure to ELF EMFs could continually reduce 
cognitive abilities both with regards to aversive and appetitive learning, potentially leading to 
some of the negative effects found in these studies. 
Reductions in learning could be detrimental to individual and colony survivability. There 
are large potential ecological consequences for reduced ability to learn about aversive and 
appetitive stimuli for bees. Future studies should focus on whether there are ecological effects 
of ELF EMF exposure, with direct measurements of chronic EMF exposure under power lines, 
as well as determining what physiological/molecular processes may be affected by this kind of 
exposure. These effects may not be confined to managed honey bees as there may be much 
wider implications for wild bees and even other pollinators that require power line strips for 
critical habitat refuge [46–50]. The underlying mechanisms, as well as the potential ecological 
implications of ELF EMF pollution in the field must be further investigated to determine the 
effects of ELF EMF pollution on insect biology and ecology, including crucial pollination eco- 
system services. 
Supporting information 
S1 Table. The number of bees in SER analyses (after exclusions) for each hive and treatment. 
(DOCX)
PLOS ONE | https://doi.org/10.1371/journal.pone.0223614 October 10, 2019 10 / 13 
·.<fJi·PLOSIONE Gztteoe＀{ ＀qw hteqwene{ e＀eettqoainet�e h�e＀fu �neteaue aiiteuu�qn anf tefwee axetu�xe ＀eatn�ni �n hqne{ beeu 
S2 Table. The number of bees in intruder assay analyses for each hive and treatment. 
(DOCX) 
S1 Dataset. Datasets for A) SER data B) Aggression data. 
(XLSX) 
Awthqt Eqntt�bwt�qnu 
Conceptualization: Sebastian Shepherd, Suleiman M. Sharkh, Chris W. Jackson, Philip L. 
Newland. 
Formal analysis: Sebastian Shepherd. 
Investigation: Sebastian Shepherd, Georgina Hollands, Victoria C. Godley. 
Methodology: Sebastian Shepherd, Georgina Hollands, Victoria C. Godley, Chris W. Jackson, 
Philip L. Newland. 
Resources: Suleiman M. Sharkh. 
Supervision: Chris W. Jackson, Philip L. Newland. 
Writing – original draft: Sebastian Shepherd, Philip L. Newland. 
Writing – review & editing: Sebastian Shepherd, Georgina Hollands, Victoria C. Godley, 
Suleiman M. Sharkh, Philip L. Newland. 
Teheteneeu 
30 Ja{eu J, Wnfetwqqf TM, Pett�u J0 A uwtxe{ qh hqne{ bee eq＀qn{ ＀quueu �n the WS, ha＀＀ 2229 tq urt�ni 
22280 PNqS Qne, 2228; 5(32)< e62930 httru<//fq�0qti/3203593/�qwtna＀0rqne02226293 PMKD< 3;335235 
20 Pqttu SG, Tqbettu SP, Dean T, Matt�u G, Dtqwn MA, Jqneu T, et a＀0 Dee＀�neu qh oanaief hqne{ beeu 
anf bee￿eeretu �n Gwtqre0 J Ar�e Teu0 2232; 6;(3)< 35⁀220 
50 Ja＀＀oann EA, Sqti M, Jqnie�anu G, S�ere＀ J, Jqh＀anf P, Sehwan J, et a＀0 Mqte than 95 reteent fee＀�ne
qxet 29 {eatu �n tqta＀ h＀{�ni �nueet b�qoauu �n rtqteetef ateau0 PNqS Qne0 2239; 32(32)< e238582;0
httru<//fq�0qti/3203593/�qwtna＀0rqne0238582; PMKD< 2;265638 
60 Gqw＀uqn D, P�ehq＀＀u G, DqtÙ Áau E, Tqtheta{ GN0 Dee fee＀�neu ft�xen b{ eqob�nef utteuu htqo ratau�teu,
reut�e�feu, anf ＀ae￿ qh h＀qwetu0 Se�enee0 2235; 569(822;)< 3255;590 httru<//fq�0qti/3203328/ue�enee0 
3255;59 PMKD< 25923528 
50 Sherhetf S, N�oa MA, Q＀�xe�ta GG, Shat￿h SM, Jae￿uqn EY, Pew＀anf PN0 Gztteoe＀{ ＀qw hteqwene{
e＀eettqoainet�e h�e＀fu �ora�t the eqin�t�xe anf oqtqt ab�＀�t�eu qh hqne{ beeu0 Se� Ter0 2238; 8(3)< 9;520 
httru<//fq�0qti/3203258/u635;8/238/28385/{ PMKD< 2;98525; 
80 Y{uz￿qwu￿a J, Sherhetf S, Shat￿h S, Jae￿uqn EY, Pew＀anf PN0 Gzrquwte tq eztteoe＀{ ＀qw hte/

qwene{ e＀eettqoainet�e h�e＀fu a＀tetu the behax�qwt, rh{u�q＀qi{ anf utteuu rtqte�n ＀exe＀u qh feuett

＀qewutu0 Se� Ter0 2238; 8< 586350 httru<//fq�0qti/3203258/uter58635 PMKD< 29828389
 
90 Yqt＀f Jea＀th Qtian�zat�qn0 Gztteoe＀{ ＀qw hteqwene{ h�e＀fu´Gnx�tqnoenta＀ Jea＀th Et�tet�a0 Genexa<

Yqt＀f Jea＀th Qtian�zat�qn Pteuu; 22290
 
80	 D�o�tt��ex�ć D, Sax�ć V, Anđe＀￿qx�ćM, Ptq＀� ć \, Janać D0 Gztteoe＀{ ＀qw hteqwene{ oainet�e h�e＀f (52 Jz,
205 oV) oqf�h�eu h�tneuu eqorqnentu anf ＀qeqoqtqt aet�x�t{ qh Drosophila subobscura0 Knt J Taf�at D�q＀0 
2236; ;2(5)< 559⁀650 httru<//fq�0qti/320532;/2;555222022360888325 PMKD< 26695958 
;0	 \oe�￿qu￿� D, Pet￿qx�ć D, Pax￿qx�ć/Nwč�ć S, Ptq＀� ć \, Anđe＀￿qx�ć M, Sax�ć V, 22390 D�hhetent teurqnueu 
qh Drosophila subobscura �uqheoa＀e ＀�neu tq eztteoe＀{ ＀qw hteqwene{ oainet�e h�e＀f (52 Jz, 205 oV)< h�t/
neuu eqorqnentu anf ＀qeqoqtqt aet�x�t{0 Knt J Taf�at D�q＀0 2239; ;5(5)< 566⁀520 httru<//fq�0qti/3203282/ 
2;5552220223903288283 PMKD< 29;2353; 
320 Ma＀�uzewu￿a J, Mate�n�a￿ P, M＀et￿�ew�ez J, Y{uz￿qwu￿a J, Pqwa￿qwu￿a A, Tqia＀u￿a J0 G＀eettqoai/
net�e h�e＀f ezrquwte (52 Jz) �ora�tu teurqnue tq nqz�qwu heat �n Aoet�ean eqe￿tqaeh0 J Eqor Ph{u�q＀ 
A0 2238; 226(8)< 825⁀330 
330	 Vqfqtqx�ć D, M�tč�ćD, K＀���n N, Mtfa￿qx� ćM, V＀ahqx� ćM, Ptq＀� ć \, et a＀0 Ghheet qh oainet�e h�e＀fu qn ant�/
qz�fat�xe fehenue anf h�tneuu/te＀atef tta�tu qh Baculum extradentatum (�nueeta, rhauoatqfea)0 D�qe＀ee/ 
ttqoainet�eu0 2232; 55(5)< 285⁀950 httru<//fq�0qti/3203222/beo02292; PMKD< 23;552;2
PNQS QPG ~ httru<//fq�0qti/3203593/�qwtna＀0rqne02225836 Qetqbet 32, 223;	 33 / 35 
·.<fJi·PLOSIONE Gztteoe＀{ ＀qw hteqwene{ e＀eettqoainetie hie＀fu ineteaue aiiteuuiqn anf tefwee axetuixe ＀eatnini in hqne{ beeu 
320 Ni SS, \hani \Y, Yani EJ, Nian JY, Eai P0 Gene ezrteuuiqn anf tertqfwetixe abi＀itieu qh oa＀e Dtq/
uqrhi＀a oe＀anqiautet uwb�eetef tq GNH⁀GMH ezrquwte0 Mwtat Teu Genet Vqzieq＀ Gnxitqn Mwtaien0 
2235; 958(3⁀2)< ;5⁀3250 
350 Va＀afez/Nita JA, Mefina/Ehaxez PQ, Qtqzeq/H＀qteu AA, Jetefia/Tq�au JA, Tqftiiwez/fe ＀a Hwente
AQ, Gqoez/H＀qteu T, et a＀0 A＀tetatiqnu qh ioowne rataoetetu qn Vtiehqr＀wuia ni (Nerifqrteta< Pqetwi/
fae) ＀atxae ezrquef tq eztteoe＀{ ＀qw/hteqwene{ e＀eettqoainetie hie＀fu0 Gnxitqn Gntqoq＀0 2239; 68(2)< 
598⁀820 httru<//fqi0qti/32032;5/ee/nxz259 PMKD< 28556553 
360 Tqietu NG, Yatten JV, Jinfu PT, Ganq MA, Hitznet TG, Piere＀ GH0 Gnxitqnoenta＀ utwfieu qh a 3322/
￿V rtqtqt{re ttanuoiuuiqn ＀ine< an annwa＀ terqtt hqt the 3;83 utwf{ retiqf0 Tieh＀anf (YA)< Datte＀＀e 
Paeihie Pqtthweut Nabqtatqtieu; 3;820 
350 Ye＀＀enutein G0 Vhe inh＀wenee qh hiih/tenuiqn ＀ineu qn hqne{bee eq＀qnieu (ttanu＀atiqn htqo the qtiiina＀
Getoan)0 J Arr＀ Gntqoq＀0 3;95; 96< 88⁀;60 
380 Mqtue TA, Jqqret V0 Vhe K＀＀wuttatef Gne{e＀qrefia qh Dee￿eerini0 ＀ut ef0 Pew Yqt￿< Dwttqn Afw＀t; 
3;850 
390	 Gteenbeti D, Dinfq￿au VP, Htaziet MJ, Gawiet JT0 Teurqnue qh hqne{ beeu, Ariu oe＀＀iheta N0, tq hiih/
xq＀taie ttanuoiuuiqn ＀ineu0 Gnxitqn Gntqoq＀0 3;83; 32(5)< 822⁀320 
380 Nee JM0 G＀eettiea＀ anf Diq＀qiiea＀ Ghheetu qh Vtanuoiuuiqn Nineu< A Texiew0 Pqtt＀anf (QT)< WSDQG
Dqnnexi＀＀e Pqwet Afoiniuttatiqn; 3;8;0 
3;0 Ytiiht GA, Mwutatf JA, Sioeqe￿ PM, Tquu/Va{＀qt AA, MePiehq＀au ND, Pqreuew A, et a＀0 Pata＀＀e＀ tein/
hqteeoent rathwa{u hqt eqnfitiqnef hqqf axetuiqnu in the hqne{bee0 Ewtt Diq＀0 2232; 22(26)< 2256⁀620 
httru<//fqi0qti/3203238/�0ewb022320330262 PMKD< 2332;;8; 
220 Earra H, Dtwuehini E, Ptqtti K, Vwti＀＀azzi S, Eetxq T0 Dee iwatfu feteet hqteiin hqtaietu with ewtiew＀at
eheoiea＀ rtqhi＀eu a＀tetef b{ rhqtetie xattqa oiteu0 J Arie Teu0 2238; 55(5)< 288⁀990 
230 Gqw＀uqn D, Q'Eqnnqt SV, Pat￿ MJ0 Vhe ioraetu qh rtefatqtu anf ratauiteu qn wi＀f bwob＀ebee eq＀qnieu0
Geq＀ Gntqoq＀0 2238; 65(2)< 388⁀830 
220	 Pqwxian M, Teinhatf J, Giwtha M0 Vhe fehenuixe teurqnue qh the hqne{bee Ariu oe＀＀iheta0 J Gzr Diq＀0 
2238; 23;(22)< 5525⁀390 
250 Van M, Dqni S, Ni Z, Niw Z, Yani E, Ni J, et a＀0 Jqne{ bee inhibitqt{ uiina＀ini iu twnef tq thteat uexetit{
anf ean aet au a eq＀qn{ a＀ato uiina＀0 PNqS Diq＀0 2238; 36(5)< e32226250 httru<//fqi0qti/3203593/
�qwtna＀0rbiq03222625 PMKD< 29236898 
260 Mauehwitz WY0 A＀ato uwbutaneeu anf a＀ato behaxiqwt in uqeia＀ J{oenqrteta0 Patwte0 3;86; 226 
(6;58)< 5260 
250 Eq＀＀inu AM, Tinfetet VG, Vwe￿et MY, S{＀xeutet JA, Nae￿ett JJ0 A oqfe＀ qh hqne{bee fehenuixe behax/ 
iqwt0 J Arie Teu0 3;82; 3;(6)< 226⁀530 
280	 PwÁñez J, Ma＀fqnafq J, Mita＀tq A, Da＀fettaoa P0 Vhe utiniini teurqnue qh the hqne{bee< ehheetu qh
oqtrhine, na＀qzqne anf uqoe qriqif rertifeu0 Phatoaeq＀ Diqeheo Dehax0 3;85; 3;(8)< ;23⁀60 
290 Vetiqz V, Tqwuue＀ G, Sanfqz JE, Giwtha M0 Axetuixe ＀eatnini in hqne{beeu texea＀ef b{ the q＀haetqt{
eqnfitiqnini qh the utini eztenuiqn teh＀ez0 PNqS Qne0 2229; 2(5)< e2880 httru<//fqi0qti/3203593/�qwtna＀0 
rqne02222288 PMKD< 39592829 
280 MePa＀＀{ GP, Yeutbtqq￿ TH0 Ptefietini faniet< the natwte, eqnueqweneeu, anf newta＀ oeehaniuou qh
rtefietixe heat ＀eatnini0 Neatn Meo0 2228; 35(5)< 265⁀550 httru<//fqi0qti/3203323/＀o03;8828 PMKD< 
38963298 
2;0 \hani G, Pieh JE0 Vhe neqnieqtinqif ioifae＀qrtif ioraitu hqne{ bee axetuixe ＀eatnini qh uiow＀atef rte/
fatiqn0 J Gzr Diq＀0 2235; 238(22)< 53;;⁀2250 
520	 Dteef MD0 Peutoate teeqinitiqn in hqne{ beeu0 Anio Dehax0 3;85; 53(3)< 88⁀;30 
530 Tiehatf HJ, Jq＀t JN, Gtqziniet EM0 Ghheetu qh ioownqutiow＀atiqn qn uqeia＀ behaxiqt, eheoiea＀ eqoow/ 
nieatiqn anf ienqoe/wife iene ezrteuuiqn in hqne{ bee wqt￿etu (Ariu oe＀＀iheta )0 DME Genqoieu0 
2232; 35(3)< 5580 
520 Ni/D{at＀a{ J, Tittuehqh EE, Mauue{ JJ, Pittenftiih DT, Tqbinuqn GG0 Sqeia＀＀{ teurqnuixe ehheetu qh
btain qzifatixe oetabq＀iuo qn aiiteuuiqn0 Ptqe Pat＀ Aeaf Sei WSA0 2236; 333(56)< 32555⁀90 httru<// 
fqi0qti/3203295/rnau03632528333 PMKD< 252;22;9 
550 Tittuehqh EE, Eqqobu ED, Htaziet M, Gtqziniet EM, Tqbinuqn GG0 Gat＀{/＀ihe ezretienee ahheetu hqne{
bee aiiteuuiqn anf teui＀ienee tq ioowne eha＀＀enie0 Sei Ter0 2235; 5< 355920 httru<//fqi0qti/3203258/ 
uter35592 PMKD< 286;53;2 
560	 Snqfitauu TG0 Anatqo{ anf rh{uiq＀qi{ qh the hqne{ bee0 Nqnfqn< Eqnutab＀e anf Eqoran{; 3;580 
550 Dafe JA0 Anatqo{ anf fiuueetiqn qh the hqne{bee0 Eatfihh< Kntetnatiqna＀ Dee Teueateh Auuqeiatiqn; 
3;820
PNQS QPG ~ httru<//fqi0qti/3203593/�qwtna＀0rqne02225836 Qetqbet 32, 223;	 32 / 35 
·.<fJi·PLOSIONE Gztteoe＀{ ＀qw hteqwene{ e＀eettqoainet�e h�e＀fu �neteaue aiiteuu�qn anf tefwee axetu�xe ＀eatn�ni �n hqne{ beeu 
580	 Qiawa J, Mawa￿ao� \, Yaoaiweh� V0 Mqtqt rattetn qh the ut�ni�ni teurqnue �n the hqne{bee Apis mel-
lifera0 J Gzr D�q＀0 3;;5; 3;8(3)< 5;⁀690 
590 Menze＀ T, Mw ¬ ＀＀et W0 Neatn�ni anf oeoqt{ �n hqne{beeu< htqo behax�qt tq newta＀ uwbuttateu0 Annwa＀ 
Tex Pewtque�0 3;;8; 3;(3)< 59;⁀6260 
580 Jaooet M0 Vhe newta＀ bau�u qh auuqe�at�xe tewatf ＀eatn�ni �n hqne{beeu0 Vtenfu Pewtque�0 3;;9; 22 
(8)< 265⁀520 httru<//fq�0qti/3203238/u2388/2258(;8)2323;/5 PMKD< ;385525 
5;0 Jaooet M, Menze＀ T0 Mw＀t�r＀e u�teu qh auuqe�at�xe qfqt ＀eatn�ni au texea＀ef b{ ＀qea＀ bta�n o�etq�n�ee/ 
t�qnu qh qetqrao�ne �n hqne{beeu0 Neatn Meo0 3;;8; 5(3)< 368⁀580 
620 Jatt�aw＀t D, Hw＀＀et J, J{＀anf DK, Meteet AT0 Dqrao�ne te＀eaue �n owuhtqqo bqf�eu qh the hqne{ bee 
(Apis mellifera N0) �n teurqnue tq axetu�xe ut�ow＀at�qn0 Se� Ter0 2238; 8(3)< 382990 httru<//fq�0qti/320 
3258/u635;8/238/56682/3 PMKD< 5258;;9; 
630 Pqwx�an M, Manfa＀ S, Jaooe E, E＀awf�anqu E, f'Gttqtte P, Te�nhatf J, et a＀0 Eqqretat�xe fehenee
qretateu b{ uqe�a＀ oqfw＀at�qn qh b�qien�e ao�ne ＀exe＀u �n the hqne{ bee bta�n0 Ptqe D�q＀ Se�0 2238; 285 
(3893)< 223928550 httru<//fq�0qti/32032;8/turb0223902855 PMKD< 2;5895;; 
620	 Vqfqtqx�ć D, Mat￿qx�ć V, Ptq＀� ć \, M�ha�＀qx� ć S, Tawu³ S, P�￿q＀� ć N, et a＀0 Vhe �nh＀wenee qh utat�e oainet�e
h�e＀f (52 oV) qn fexe＀qroent anf oqtqt behax�qwt qh Venebt�q (Knueeta, Eq＀eqrteta)0 Knt J Taf�at D�q＀0 
2235; 8;(3)< 66⁀520 httru<//fq�0qti/320532;/2;555222022320935988 PMKD< 2286;938 
650 Jan￿qwu￿a M, Paw＀qwu￿a/Ma�nx�＀＀e A, Stan￿�ew�ez M, Tqia＀u￿a J, Y{uz￿qwu￿a J0 Gzrquwte tq 52 Jz
e＀eettqoainet�e h�e＀f ehanieu the ehh�e�ene{ qh the ueqtr�qn a＀rha tqz�n0 J Venqo An�o Vqz�nu Kne＀ Vtqr 
D�u0 2235; 23(3)< 580 
660 Jetoann JT0 St�ni awtqtqo{, a fehenu�xe oeehan�uo �n eetta�n uqe�a＀ J{oenqrteta0 Knueeteu Sqe0 
3;93; 38(2)< 333⁀220 
650	 Ewnatf SJ, Dteef MD0 Pqut/ut�ni�ni behax�qt qh wqt￿et hqne{ beeu (J{oenqrteta< Ar�fae)0 Ann Gntq/
oq＀ Sqe Ao0 3;;8; ;3(5)< 956⁀90 
680 Twuue＀＀ MP, K￿etf J, Dtqeie S0 Vhe rqtent�a＀ eqnuetxat�qn xa＀we qh wnoqwef rqwet＀�ne utt�ru hqt nat�xe
beeu0 D�q＀ Eqnuetx0 2225; 326(3)<355⁀680 
690 Yq�e�￿ VA, Dwehoann S0 Pq＀＀�natqt eqnuetxat�qn anf oanaieoent qn e＀eett�ea＀ ttanuo�uu�qn anf tqaf/
u�fe t�ihtu/qh/wa{< a tex�ew0 J Pq＀＀�nat Geq＀0 2232; 90 
680 Yainet DN, Auehet JS, Dt�e￿et PM0 A ttanuo�uu�qn t�iht/qh/wa{ au hab�tat hqt w�＀f beeu (J{oenqrteta<
Arq�fea< Anthqrh�＀a) �n Eqnneet�ewt0 Ann Gntqoq＀ Sqe Ao0 2236; 329(8)< 3332⁀220 
6;0	 Deti Å, Detioan MQ, Y�uuoan J, Żo�hqtu￿� M, Q¬ e￿�niet G0 Pqwet/＀�ne eqtt�fqtu au uqwtee hab�tat hqt
bwtteth＀�eu �n hqteut ＀anfueareu0 D�q＀ Eqnuetx0 2238; 223< 522⁀80 
520 J�＀＀ D, Dattqoewu K0 Vhe rqtent�a＀ qh e＀eett�e�t{ ttanuo�uu�qn eqtt�fqtu �n hqteutef ateau au bwob＀ebee 
hab�tat0 T Sqe Qren Se�0 2238; 5(33)< 3825250 httru<//fq�0qti/32032;8/tuqu0382525 PMKD< 28238862
PNQS QPG ~ httru<//fq�0qti/3203593/�qwtna＀0rqne02225836 Qetqbet 32, 223;	 35 / 35 
